Introduction
April 1 snowpack is the primary source of warm-season streamflow for most of the western United States (US) and thus represents an important source of water supply (Gray and Male 1981; McCabe and Legates 1995; Serreze and others 1999; Clark and others 2001 ). An understanding of climate factors that influence the variability of this water supply, and thus predictability, is important for water resource management. In this study, principal-component analysis is used to identify the primary modes of April 1 snowpack variability in the western US. Relations between these modes of variability and indices of Pacific Ocean climate [i.e. the Pacific Decadal Oscillation (PDO) and NINO3 sea-surface temperatures (SSTs)] are examined. Because these atmospheric/oceanic conditions change slowly from season to season, the observed teleconnections may be useful to forecast April 1 snowpack using data describing the Pacific Ocean climate in the previous fall and summer seasons, especially in the northwestern US.
Snowpack Variability
April 1 snowpack water-equivalent depth (April 1 snowpack) observations from 323 sites in the western US are used in this study to represent seasonal snowpack accumulations. At most snowcourse locations in the western US, the snow water equivalent on the ground reaches its peak at about April 1 (McCabe and Legates 1995; Serreze and others 1999; Clark and others 2001) and has been found to be highly correlated with annual streamflow in nearby rivers (McCabe 1996) . The 323 sites used here all have complete records for the 50-year period from 1941 to 1990 (Figure 1 ).
Figure 1 Snowcourses in the western United States used in this analysis

Modes of Snowpack Variability
A principal components analysis of the snowpack data yields two dominant components that explain 61% of the total variance in the snowpack data; the first component (PC1) explains 45%, and PC2 explains 16%. The loadings of PC1 on the raw April 1 snowpack data are positive and statistically significant for most of the 323 sites analyzed (Figure 2 ). This indicates that about half of the year-toyear variation of April 1 snowpack in the western US takes the form of co-variation. The loadings of PC2 form a pattern of statistically significant positive loadings in the southwestern US and statistically significant negative loadings in the northwestern US (Figure 2 ). This loading pattern is similar to the ENSO signal found in seasonal precipitation anomalies in the western US (Redmond and Koch 1991; Cayan and Webb 1992; Dettinger and others 1998) . A comparison of the PC time series with winter Pacific Ocean climate indices (e.g. the Pacific Decadal Oscillation (PDO) and NINO3 SSTs) indicate that PC1 is most closely correlated to PDO, whereas PC2 is equally correlated with PDO and NINO3 (Table 1) . This is an interesting result in that many previous studies have focused on ENSO indices as the primary large-scale driving force for the hydroclimate of the western US. 
Atmospheric Circulations
To investigate the atmospheric connections between the Pacific climate indices and the snowpack PCs, as well as to further document the correspondence between Pacific climate modes and the two snowpack PCs, correlations between each of these variables and fields of atmospheric pressure were examined. Presumably, if PC1 represents important effects of PDO on April 1 snow-pack, then these two variables should be associated with similar atmospheric pressure anomalies. The atmospheric signatures of each of the variables were identified by correlating the individual variables with gridded winter 700 hectoPascal (hPa) height anomalies (Figure 4 ).
Correlations between winter PDO multiplied by -1 and 700 hPa heights form a pattern that is very similar to the correlation pattern produced using PC1 scores ( Figures 4A and 4C ). Because PDO is negatively correlated with PC1, PDO was multiplied by -1 for easy comparison with PC1. The similarity in the correlation fields reflects shared atmospheric signatures and suggests a physical link between the two. The PDO corresponds to changes in atmospheric circulations that are translated into snowpack anomalies in the western US. In general, negative snowpack anomalies in the western US are associated with positive PDO. Furthermore, correlations between winter PDO and 500hPa storminess indicate that when the PDO is positive, storm tracks are reduced along the west coast of North America from Alaska to as far south as at least California ( Figure 5A ). Positive PDO is also associated with enhanced storminess in the central North Pacific (Figure 5A ).
The correlation pattern for PC2 and 700hPa heights is more similar to that produced using NINO3 than the pattern produced using PDO (Figures 4B and 4D ). This suggests PC2 may be more indicative of ENSO effects rather than of PDO effects on snowpack. 
Potential for Seasonal Forecasts
Significant correlations between the snowpack PCs (i.e. PC1 and PC2) and the Pacific climate indices (i.e. PDO and NINO3) indicate that a large fraction of the variability of April 1 snowpack in the western US mirrors interannual and interdecadal variations of indices of Pacific Ocean climate. These correlations, together with the fact that these SST based indices evolve slowly, suggest that the current state of Pacific Ocean climate may provide a basis for forecasting April 1 snowpack several seasons in advance.
Correlations between April 1 snowpack and PDO and NINO3 (not shown) suggest predictive relations between snowpack and antecedent seasonal values of Pacific climate indices. Redmond and Koch (1991) and McCabe and Dettinger (1999) have shown statistically significant relations between antecedent summer/fall ENSO and PDO conditions and winter precipitation in the western US. To examine the predictability of April 1 snowpack using summer/fall PDO and NINO3, regressions were performed with April 1 snowpack as the dependent variable and summer/fall PDO and/or NINO3 as independent variables.
As a first approximation of the "best" predictor of April 1 snowpack for each of the stations, the r 2 values resulting from the regressions with PDO, with NINO3, and with PDO and NINO3 together were compared (Figure 6 ). This analysis indicated that PDO is the "best" predictor of April 1 snowpack for 79 (24%) of the 323 snowcourses. PDO and NINO3 together were the "best" predictors for 25 (8%) of the 323 snowcourses, and NINO3 alone was the "best" predictor for only 16 (5%) of the snowcourses analyzed. These snowcourses form the subset at which useful predictions can be made. The snowcourses with statistically significant forecast relations are located mostly in the northwestern US. Of the stations with statistically significant predictive relations, PDO and/or NINO3 predict readily useful fractions of April 1 snowpack variations (e.g., more than 25% of variance) for about 70 (22%) of all stations. These stations are exclusively in the northwestern US and southwestern Canada. 
Implications and Conclusions
The majority of the year-to-year variations (over 61%) of April 1 snowpack in the western US can be explained by two principal components. The first component explains 45% of the total variability in April 1 snowpack and is highly correlated with PDO. The second component explains 16% of the variability in April 1 snowpack and is correlated with NINO3 SSTs. These results indicate that yearto-year variations of the PDO index, a measure of the North Pacific Ocean climate (largely in response to ENSO), is the primary driving force of variability in April 1 snowpack in the western US. Thus, methodologies for forecasting April 1 snowpack variations should include PDO, and not just ENSO, variability. In part, this reflects the northern bias of these snowpack data. The southwestern US, where ENSO may be particularly important, is somewhat under-represented in the snowcourse data sets. Also, the dominant role of PDO in the present analysis reflects the reliability of PDO as a measure of how ENSO (and other influences) actually affects the North Pacific Ocean/North American sector in any given winter. Not all ENSOs are alike in their North American influences; PDO measures and incorporates the most important ENSO-to-ENSO differences. Because these atmospheric/oceanic conditions change slowly from season to season, the observed teleconnections may be useful to forecast April 1 snowpack using data describing the Pacific Ocean climate in the previous fall and summer seasons, especially in the northwestern US.
Notably, snowpack variations in the western US have a strong interannual, and a modest interdecadal, character. The ability of the linear methods employed here to predict snowpack variations using PDO have therefore been contingent upon use of seasonal PDO values without any prior filtering. Indeed, in this unfiltered form, PDO reflects important ENSO episodes along with the slower decadal character of the North Pacific climate. Thus, PDO arguably is as much a measure of how the various individual ENSO episodes affected the North Pacific Ocean, and by extension North America, as it is a measure of interdecadal processes in the extratropical Pacific. Given the greater proximity of the North Pacific PDO index to western North America and its tendency to reflect the strongest ENSO variations, it is reasonable that it out-performs the ENSO indices when predicting snowpack in the western US.
